Previous studies have demonstrated a role for Kv4 ␣ subunits in the generation of the fast transient outward K ϩ current, I to,f , in the mammalian myocardium. The experiments here were undertaken to explore the role of homomeric/heteromeric assembly of Kv4.2 and Kv4.3 and of the Kv channel accessory subunit, KChIP2, in the generation of mouse ventricular I to,f . Western blots reveal that the expression of Kv4.2 parallels the regional heterogeneity in I to,f density, whereas Kv4.3 and KChIP2 are uniformly expressed in adult mouse ventricles. Antisense oligodeoxynucleotides (AsODNs) targeted against Kv4.2 or Kv4.3 selectively attenuate I to,f in mouse ventricular cells. Adenoviral-mediated coexpression of Kv4.2 and Kv4.3 in HEK-293 cells and in mouse ventricular myocytes produces transient outward K ϩ currents with properties distinct from those produced on expression of Kv4.2 or Kv4.3 alone, and the gating properties of the heteromeric Kv4.2/Kv4.3 channels in ventricular cells are more similar to native I to,f than are the homomeric Kv4.2 or Kv4.3 channels. Biochemical studies reveal that Kv4.2, Kv4.3, and KChIP2 coimmunoprecipitate from adult mouse ventricles. In addition, most of the Kv4.2 and KChIP2 are associated with Kv4.3 in situ. Taken together, these results demonstrate that functional mouse ventricular I to,f channels are heteromeric, comprising Kv4.2/Kv4.3 ␣ subunits and KChIP2. The results here also suggest that Kv4.2 is the primary determinant of the regional heterogeneity in I to,f expression in adult mouse ventricle. (Circ Res. 2002;90:586-593.)
T wo distinct transient outward K ϩ currents, the rapidly inactivating and recovering I to,fast (I to,f ) and the slowly inactivating and recovering I to,slow (I to,s ), have been distinguished in the mammalian myocardium, and these two K ϩ currents are differentially distributed in human, ferret, rabbit, rat, and mouse hearts. [1] [2] [3] [4] [5] In ventricular myocytes isolated from mice with a targeted deletion of the Kv1.4 gene, I to,s is selectively eliminated, demonstrating directly that the Kv1.4 ␣ subunit underlies I to,s . 6 Considerable evidence has also accumulated documenting a role for Kv4 ␣ subunits in the generation of cardiac I to,f . Dixon and McKinnon, 7 for example, reported that the Kv4.2 message level varies through the thickness of the ventricular wall in rat, in parallel with regional differences in I to,f . In addition, I to,f in rat ventricular cells is attenuated on exposure to antisense oligodeoxynucleotides targeted against either Kv4.2 or Kv4.3, 8 as well as after exposure to an adenoviral construct encoding a truncated Kv4.2 subunit. 9 Subsequently, Barry et al 10 reported that I to,f is eliminated in ventricular cells isolated from transgenic mice expressing a pore mutant of Kv4.2, Kv4.2W362F, that functions as a dominant-negative. Because functional voltage-gated K ϩ channels comprise 4 pore-forming ␣ subunits 11 and both Kv4.2 and Kv4.3 are expressed in rodent myocardium, it is presently unclear whether functional I to,f channels reflect the homomultimeric assembly of Kv4.2 and Kv4.3 or the presence of heteromultimeric Kv4.2/Kv4.3 channels. Coexpression of Kv4.2W362F with wild-type Kv4.3 in QT-6 cells reveals no functional K ϩ currents, demonstrating that Kv4.2 and Kv4.3 coassemble in vitro. 10 Previous studies have not, however, examined the biophysical properties of coexpressed Kv4.2ϩKv4.3encoded K ϩ channels or explored the possibility that these subunits are associated in rodent myocardium in vivo. In addition, accessory subunits, such as the Kv channel interacting proteins (KChIPs), modulate the expression and properties of Kv4-encoded K ϩ channels. 12, 13 In heterologous systems, coexpression of KChIP with Kv4 ␣ subunits markedly increases current densities and accelerates recovery from inactivation. 12 The observation that KChIP2 is expressed in rodent heart 12, 14 suggests that this subunit may assemble with Kv4 ␣ subunits to produce I to,f .
In the experiments here, the currents produced on expression of Kv4. 2 3 and KChIP2 and that the differential expression of Kv4.2 underlies the regional heterogeneity in I to,f density in the mouse heart.
Materials and Methods
Animals used in the present study were handled in accordance with guidelines published in the Guide for the Care and Use of Laboratory Animals (US National Institutes of Health).
An expanded online Materials and Methods section containing details of cell culture, antisense experiments, adenoviral gene transfer, Western blots, immunoprecipitations, and electrophysiological recordings is available in the online data supplement at http://www.circresaha.org.
Results

Expression of Kv4.2 and Kv4.3 in Adult Mouse Ventricles
Outward K ϩ current waveforms in cells isolated from adult mouse right ventricle (RV), left ventricular apex (LVA), and septum (LVS) are distinct. 5, 6, 15 These differences reflect variations in the densities of the transient outward currents I to,f and I to,s , whereas no regional differences in I K,slow or I SS are evident. 5, 6, 15 Previous studies have also shown that both Kv4.2 and Kv4.3 are expressed at the mRNA level in adult mouse ventricles. 16 Initial experiments here, therefore, were focused on examining the patterns and levels of expression of Kv4.2 and Kv4.3 proteins using subunit-specific antibodies (see online data supplement at http://www.circresaha.org). As illustrated in Figure 1 , a single band at Ϸ70 kDa is detected with the anti-Kv4.2a antibody ( Figure 1A) , and a single band at Ϸ76 kDa is evident using the anti-Kv4.3a antibody ( Figure  1B ). Both bands were eliminated when the antibodies were incubated with the peptides against which each was generated (not illustrated). The intensity of the band detected with the anti-Kv4.3a antibody is similar in RV, LVA, and LVS, whereas Kv4.2 protein expression is higher in RV and LVA than in LVS. The differences in Kv4.2 expression, therefore, parallel the regional heterogeneity in I to,f density in adult mouse ventricles. 5, 6, 15 
Effects of AsODN-Kv4.2 and AsODN-Kv4.3 on Mouse Ventricular K ؉ Currents
The effects of antisense oligodeoxynucleotides (AsODNs) targeted against Kv4.2 and Kv4.3 on the outward K ϩ currents in mouse ventricular cells were also examined. Representative current waveforms recorded from cells exposed to 1 mol/L randomized control AsODN, AsODN-Kv4.2, AsODN-Kv4.3, or to both AsODN-Kv4.2 and AsODN-Kv4.3 (1 mol/L each) are illustrated in Figure 2A . The densities and the waveforms of the currents recorded from cells treated with the randomized control AsODN (nϭ49) are not significantly different from those in untreated cells (nϭ21) (data not shown). Peak outward K ϩ currents are markedly reduced, however, in cells exposed to AsODN-Kv4.2 (nϭ23), AsODN-Kv4.3 (nϭ16), or to both AsODNs (nϭ18) ( Figure 2B ). The densities of the K ϩ currents remaining at the end of the depolarizing voltage steps in AsODNtreated cells, in contrast, are indistinguishable from controls ( Figure 2B ).
Previous studies have documented the expression of 4 components of the outward K ϩ currents in adult mouse ventricular myocytes I to,f , I to,s , I K,slow , and I ss . 5 Although initially distinguished based on differences in kinetic properties and pharmacological sensitivities, 5 it has now been clearly demonstrated that these currents reflect the expression of distinct molecular entities. 6, 10, 15, 17, 18 It has been shown, for example, that Kv4␣ subunits encode I to,f , 10, 15 whereas Kv1.4 underlies I to,s . 6, 15 In addition, there are 2 components of mouse ventricular I K,slow , one encoded by Kv1.5 17 and the other by Kv2 ␣ subunits. 18 In addition to identifying the Kv ␣ subunits underlying mouse ventricular K ϩ channels, these findings validate the kinetic analyses of the decay phases of the outward K ϩ currents to quantify the expression of I to,f , I to,s , I K,slow , and I ss . In the present experiments, the decay phases of the currents were analyzed (see online data supplement) to obtain the amplitudes (densities) of I to,f , I to,s , I K,slow , and I ss . These analyses revealed that exposure to either AsODN-Kv4.2 or AsODN-Kv4.3 selectively attenuates I to,f by Ϸ35% and Ϸ55%, respectively ( Figure 2B ). In contrast, the densities of I K,slow and I ss 5 are unaffected. Interestingly, exposure of cells (nϭ18) to both AsODN-Kv4.2 and AsODN-Kv4.3 did not produce further attenuation of I to,f ( Figure 2B ). In addition, the decay values for I to,f are not affected in cells exposed to AsODNs ( Figure 2C ).
Homomeric and Heteromeric Kv4 ␣ Subunit-Encoded K ؉ Currents
Although the antisense experiments described above reveal that Kv4.2 and Kv4.3 contribute to mouse ventricular I to,f , it remains unclear whether functional I to,f channels reflect the homomeric assembly of Kv4.2 and Kv4.3 or heteromeric assembly of both Kv4 ␣ subunits. To compare the biophysical properties of homomeric Kv4.2 or Kv4.3 and heteromeric Kv4.2/Kv4.3 channels, Kv4.2, Kv4.3, or Kv4.2ϩKv4.3 (in a ratio of 1:1) and EGFP were introduced into HEK-293 cells using inducible adenoviral gene transfer, and whole-cell recordings were obtained from EGFP-positive cells 20 to 24 hours after induction (see online data supplement). As is evident in Figure 3A , coexpression of Kv4.2 and Kv4.3 reveals rapidly activating and inactivating K ϩ currents. MeanϮSEM peak outward K ϩ current densities (at ϩ40 mV) in cells expressing Kv4.2 (51Ϯ5 pA/pF, nϭ19), Kv4.3 (60Ϯ9 pA/pF, nϭ13), or both Kv4.2 and Kv4.3 (56Ϯ7 pA/pF, nϭ12) are similar, demonstrating that coexpression of Kv4.2 and Kv4.3 does not increase functional cell surface channel density. In addition, the decay phases of the Kv4.2ϩKv4.3 currents are well described by single exponentials with a meanϮSEM decay value intermediate between the values determined for the currents produced on expression of Kv4.2 or Kv4.3 alone (Table) .
The kinetics of recovery from steady-state inactivation of the currents produced on coexpression of Kv4.2 and Kv4.3 are also distinct. At Ϫ70 mV, the Kv4.2ϩKv4.3-induced currents recover more rapidly than the currents produced on expression of Kv4.2 or Kv4.3 alone ( Figure 3B ). At more negative potentials (Ϫ90 mV), the recovery rates for the Kv4.2ϩKv4.3-, as well as the Kv4.2-and Kv4.3-, encoded currents are accelerated (Table) . At both Ϫ70 and Ϫ90 mV, however, recovery of the Kv4.2ϩKv4.3-induced currents is monoexponential, with meanϮSEM recovery time constants significantly (PϽ0.01) faster than those determined for either the Kv4.2-or the Kv4.3-induced currents (Table) . In addition, there are differences in the voltage dependences of steadystate inactivation of the currents ( Figure 5A ). The V 1/2 for steady-state inactivation of the Kv4.2ϩKv4.3-induced cur-rents is depolarized relative to the V 1/2 for the Kv4.2-and Kv4.3-encoded currents (Table) .
Heteromeric Kv4.2/Kv4.3 Channels in Mouse Ventricular Cells
The results obtained in HEK-293 cells suggest that coexpression of Kv4.2 and Kv4.3 results in the preferential formation of heteromeric K ϩ channels with properties distinct from homomeric Kv4.x channels. To examine the properties of homomeric and heteromeric Kv4.x-encoded K ϩ channels in cardiomyocytes, Kv4.2, Kv4.3, and EGFP were introduced into isolated mouse ventricular cells using adenoviral gene Kv4.x-encoded K ϩ currents in HEK-293 cells. A, Representative outward K ϩ currents, evoked during 400-ms voltage steps to potentials between Ϫ40 and ϩ50 mV from a holding potential of Ϫ70 mV, in HEK-293 cells infected with AdEGI-Kv4.2, AdEGI-Kv4.3, or both adenoviral vectors are illustrated. B, To examine the rates of recovery from inactivation, the currents were first inactivated during 400-ms conditioning pulses to ϩ50 mV. Cells were then hyperpolarized to Ϫ70 mV for varying times (ranging from 10 ms to 2 s) prior to 400-ms test depolarizations to ϩ50 mV (to assess recovery). As is evident, heteromeric Kv4.2/Kv4.3 channels (bottom) recover more rapidly than the Kv4.2-or Kv4.3-induced currents.
transfer. No differences in outward K ϩ current densities or properties in AdEGI-infected (nϭ16) and uninfected (nϭ10) cells examined 48 hours after plating were evident (data not shown), suggesting that expression of EGFP alone does not influence K ϩ currents in these cells. Peak outward K ϩ currents in AdEGI-Kv4.2-, AdEGI-Kv4.3-, and AdEGI-Kv4.2ϩAdEGI-Kv4.3-infected cells, however, are larger than the currents in AdEGI-infected cells ( Figure 4A (Table) .
Coexpression of Kv4.2 and Kv4.3 results in a marked depolarizing shift in the voltage dependence of steady-state inactivation compared with the currents produced on expression of Kv4.2 or Kv4.3 alone ( Figure 5B ). In addition, the steady-state inactivation curve for the Kv4.2ϩKv4.3-encoded currents parallels endogenous I to,f ( Figure 5B ); both the slope factor (k) and the V 1/2 are very similar to I to,f (Table) . The Kv4.2-and the Kv4.3-induced K ϩ currents in mouse ventricular cells recover slowly from steady-state inactivation, whereas coexpression of Kv4.2 and Kv4.3 produces currents with markedly accelerated recovery ( Figure 4B ). Although significantly (PϽ0.001) faster than the Kv4.2-or the Kv4.3encoded currents ( Table) , the rates of recovery of the heteromeric Kv4.2ϩKv4.3 currents are significantly (PϽ0.01) slower than endogenous I to,f (see Discussion).
Association of Kv4.2 and Kv4.3 In Vivo
The results of the experiments described suggest that endogenous mouse ventricular I to,f channels reflect heteromeric assembly of Kv4.2 and Kv4.3. To determine if Kv4.2 and Kv4.3 indeed associate in vivo, immunoprecipitation experiments were performed using anti-Kv4 subunit specific antibodies. Membrane fractions were immunoprecipitated with the anti-Kv4.2a antibody and 2 different anti-Kv4.3 antibodies, anti-Kv4.3a and anti-Kv4.3b (see online data supplement). Although all 3 antibodies immunoprecipitate Kv4.2 and/or Kv4.3 from mouse brain ( Figures 6A through 6C) , only the anti-Kv4.3b antibody precipitates Kv4.3 from mouse ventricular membrane preparations ( Figure 6C ).
To determine if Kv4.2 associates with Kv4.3, the immunoprecipitates obtained with the anti-Kv4.3b antibody were resolved by SDS-PAGE, transferred to PVDF membranes, and blotted with the anti-Kv4.2a antibody. A band at Ϸ70 kDa was detected in mouse brain and ventricles, demonstrating that Kv4.2 coimmunoprecipitates with Kv4.3 ( Figure  6D ). In addition, only a small fraction of the total Kv4.2 remains in the supernatant after immunoprecipitation with the anti-Kv4.3b antibody ( Figure 6E ), indicating that most of Kv4.2 protein is associated with Kv4.3 in adult mouse ventricles. In contrast, Kv2.1 is not immunoprecipitated with the anti-Kv4.3b antibody ( Figure 6F ), although Kv2.1 is readily detected in Western blots of fractionated mouse ventricular membrane proteins.
Heteromeric Assembly of KChIP2 and Kv4 ␣ Subunits in Mouse Heart
Western blots revealed that KChIP2 is also readily detected in adult mouse ventricles (and brains) with a monoclonal anti- Kv4.x-encoded currents in AdEGI-infected mouse ventricular cells. Outward K ϩ currents were recorded as described in the legend to Figure 2 . A, Representative recordings from cells infected with AdEGI, AdEGI-Kv4.2, AdEGI-Kv4.3, or both AdEGI-Kv4.2 and AdEGI-Kv4.3. As is evident, expression of Kv4 ␣ subunits in mouse ventricular cells markedly increases peak currents and the amplitudes of the rapidly inactivating current component. B, Rates of recovery from steadystate inactivation of currents were examined as described in the legend to Figure 3B . As is evident, the outward K ϩ currents produced on coexpression of Kv4.2 and Kv4.3 (bottom) recover from inactivation more rapidly than the currents produced on expression of either Kv4.2 or Kv4.3 alone (see Table and text). 
Comparison of Time-and Voltage-Dependent Properties of I to,f and Kv4-Induced K ؉ Currents
Guo et al Heteromeric Assembly of Kv4.2/Kv4.3 and KChIP2
KChIP2 antibody ( Figure 7A ). Similar to previous findings in rat neocortex, 12 the monoclonal anti-KChIP2 antibody identifies a single protein band at Ϸ 35 kDa in mouse brain and ventricles ( Figure 7A ). Similar results are obtained with a polyclonal anti-KChIP2 antibody ( Figure 7B ), and indeed, both antibodies recognize the same protein ( Figure 7C) . In contrast to the regional heterogeneities in I to,f density 5,6,15 and Kv4.2 protein expression ( Figure 1A) , however, KChIP2 is expressed at equal levels in adult mouse RV, LVA, and LVS ( Figures 7A and 7B ).
To determine if KChIP2 associates with Kv4 ␣ subunits in vivo, the immunoprecipitates obtained with the anti-Kv4.3b antibody were resolved and immunoblotted with the monoclonal anti-KChIP2 antibody. A single band at Ϸ35 kDa was detected with the monoclonal anti-KChIP2 antibody and only a small fraction of the total KChIP2 remains in the supernatant after precipitation ( Figure 7E ). In addition, Western blots of immunoprecipitates obtained using the monoclonal anti-KChIP2 antibody revealed that both Kv4.2 and Kv4.3 coimmunoprecipitate with KChIP2 from adult mouse ventricles ( Figure 7D ). In contrast, neither Kv2.1 nor Kv2.2 immunoprecipitates with KChIP2 (not shown), demonstrating that KChIP2 preferentially associates with Kv4 ␣ subunits in adult mouse ventricles.
Discussion
Heteromultimers of Kv4.2 and Kv4.3 Underlie Mouse Ventricular I to,f
The results of the experiments here reveal that both Kv4.2 and Kv4.3 contribute to the generation of functional mouse ventricular I to,f channels. Although both are abundant at the protein level in adult mouse ventricles, the expression patterns of Kv4.2 and Kv4.3 are distinct. Kv4.3 appears to be uniformly expressed in the ventricles, whereas Kv4.2 expression parallels the regional heterogeneity in I to,f density. 5, 6, 15 The antisense experiments revealed that I to,f is selectively attenuated in isolated mouse ventricular cells exposed to either AsODN-Kv4.2 or AsODN-Kv4.3. Interestingly, simultaneous exposure to both AsODNs did not produce larger reduction of I to,f density than observed with either AsODN alone. Although this observation might suggest that mouse ventricular I to,f channels reflect heteromeric assembly of Kv4.2 and Kv4.3, the possibility of nonlinear AsODN effects 3, 19 cannot be excluded.
Although expression of Kv4.2 or Kv4.3 in HEK-293 cells and in mouse ventricular myocytes produces rapidly activating and inactivating K ϩ currents, the properties of the currents are distinct from endogenous (mouse) ventricular I to,f (Table) . Coexpression of Kv4.2 and Kv4.3 in HEK-293 cells produces transient outward K ϩ currents with accelerated recovery kinetics and a depolarizing shift in the voltage dependence of Figure 5 . Voltage dependences of steady-state inactivation of Kv4.xinduced K ϩ currents in HEK-293 (A) and mouse ventricular (B) cells. Outward K ϩ currents were evoked during 400-ms depolarizations to ϩ50 mV following 1-second conditioning prepulses to potentials between Ϫ110 mV and ϩ30 mV. Amplitudes of the transient outward K ϩ currents evoked from each prepulse potential were determined and normalized to the transient current evoked from Ϫ110 mV in the same cell. MeanϮSEM (nϭ6 to 12 for each group) normalized currents in HEK-293 (A) and mouse ventricular (B) cells are plotted. The solid lines represent the best Boltzmann fits to the mean data, and the dotted lines reflect the mean normalized steady-state inactivation curve for endogenous mouse ventricular I to,f . 5 It is well documented that heterologous expression of Kv ␣ subunits in the same subfamily produces heteromeric channels. 23 In addition, it has been shown that Kv1 ␣ subunits coimmunoprecipitate from (rat) brain. 23 To our knowledge, however, this is the first demonstration of heteromeric assembly of Kv4 ␣ subunits in vivo. Importantly, this study also establishes the functional significance of heteromeric assembly of Kv4.2 and Kv4.3 in the generation of myocardial I to,f . These results can be contrasted with cardiac Kv1 ␣ subunits that encode distinct K ϩ channels. Kv1.4, for example, underlies I to,s , 6 whereas Kv1.5 encodes the mol/L 4-aminopyridine-sensitive component of I K,slow in mouse ventricular cells. 17
Relationship to Previous Studies on the Molecular Correlates of I to,f
In spite of the marked diversity of repolarizing K ϩ currents, the properties of I to,f in different cardiac cell types and species are similar, suggesting that the molecular correlates of the underlying K ϩ channels are also the same. 23 Considerable experimental evidence has now been provided documenting a role for Kv4 ␣ subunits, Kv4.2 and/or Kv4.3, in the generation of cardiac I to,f . 23 Previous studies, focused on Kv ␣ subunit mRNA and protein expression levels, as well as the effects of AsODNs, suggested that both Kv4.2 and Kv4.3 contribute to I to,f in rat ventricular myocytes. 7, 8, 25 The experiments here clearly demonstrate that mouse ventricular I to,f is generated by heteromultimers of Kv4.2 and Kv4.3. Nevertheless, the fact that Kv4.2 appears not to be expressed in the ventricles of large mammals, such as dog and human, 26 clearly suggests that the molecular composition(s) of functional I to,f channels in these species are not identical to mouse ventricular I to,f .
It certainly also seems possible that the molecular basis of I to,f might be different in mouse atria. In rat atrial cells, reductions in I to,f density are observed after exposure to AsODN-Kv4.2 but not to AsODN-Kv4.3, suggesting that Kv4.2 and Kv4.3 do not assemble in rat atria in vivo and that Kv4.3 does not contribute to rat atrial I to,f . 19 It has also been reported that AsODN-Kv4.2 or AsODN-Kv1.4 attenuates I to in rabbit atrial myocytes. 3 In human atrial cells, however, only AsODN-Kv4.3 affects I to,f , suggesting that only Kv4.3 contributes to human atrial I to,f . 3 Recently, it was reported that Kv4.1 is expressed (at the message level) in human heart. 27 Experiments aiming at determining the roles of homomeric Kv4.x and heteromeric Kv4.2/Kv4.3 and/or Kv4.1/Kv4.3 channels in the generation of I to,f in other species will clearly be of interest.
Roles of Accessory Subunits in the Generation of Myocardial I to,f
Although coexpression of Kv4.2 and Kv4.3 in mouse ventricular myocytes produces K ϩ currents similar to endogenous I to,f , there are some subtle, but statistically significant, differences (Table) . The rate of recovery of the Kv4.2ϩKv4.3encoded currents, for example, is slower than the rate of recovery of the endogenous I to,f . These observations suggest that there are additional components of endogenous cardiac I to,f channels. Indeed, a number of Kv channel accessory subunits have been identified and shown to modulate the properties and/or the expression of Kv ␣ subunit-encoded K ϩ currents in expression systems. [12] [13] [14] 23, 28, 29 In addition, some of these subunits interact with Kv4 ␣ subunits. 12-14,30 -32 When coexpressed in HEK-293 cells, for example, Kv␤1.2 confers O 2 sensitivity to Kv4.2-induced K ϩ currents 31 and Kv␤2.1 associates with Kv4.3 in rat brain. 32 The Kv channel interacting proteins (KChIPs) have been shown to associate with Kv4 ␣ subunits in (rat) brain and to modify the properties and the expression of Kv4.x-encoded K ϩ currents. 12 The results here reveal that KChIP2 preferentially associates with Kv4.2 and Kv4.3 in adult mouse ventricles, suggesting that KChIP2 is likely an integral component of myocardial I to,f channels. Consistent with this hypothesis, it was recently reported that I to (I to,f ) is eliminated in ventricular myocytes isolated from mice lacking KChIP2 (KChIP2 Ϫ/Ϫ ). 33 The complete loss of I to,f in KChIP2 Ϫ/Ϫ ventricular myocytes is surprising, given that expression of Kv4.x ␣ subunits alone reveals robust voltage-gated K ϩ currents 20 -23 and that the properties of these currents are modified substantially by KChIP coexpression. 12 In addition, no QT prolongation was reported in KChIP2 Ϫ/Ϫ mice, and these animals display increased susceptibility to ventricular tachycardia. 33 These observations contrast with findings in mice in which I to,f is eliminated by expression of a dominantnegative Kv4.2 construct, Kv4.2W362F, 10, 15 or deletion of Kv4.2 (Kv4.2 Ϫ/Ϫ ). 34 In Kv4.2W362F and Kv4.2 Ϫ/Ϫ mice, QT intervals are prolonged and these animals are resistant to arrhythmias, 10, 15 owing to the reduced dispersion of repolarization resulting from the loss of I to,f . 35 Taken together, these observations suggest a role for KChIP2 in addition to the regulation of Kv4-encoded I to,f channels. Experiments aimed at testing this hypothesis and further studies on the KChIP2 Ϫ/Ϫ mice will be of interest.
The fact that KChIP2 associates with Kv4.2 and Kv4.3 suggests that it is theoretically possible that mouse ventricular I to,f could reflect a mixture of homomeric Kv4.2-and Kv4.3encoded channels (coassembled with KChIP2). This hypothesis seems unlikely, however, because the biochemical data demonstrate that most of the Kv4.2 protein is found in association with Kv4.3 in adult mouse ventricles. In addition, I to,f is eliminated and no Kv4.3-like currents are detected in Kv4.2 Ϫ/Ϫ ventricular myocytes, despite the fact that Kv4.3 protein expression is not affected by the elimination of Kv4.2. 34 These findings clearly support a role for heteromeric Kv4.2/Kv4.3 assembly in the generation of mouse ventricular I to,f . These results also suggest that accessory subunits modulate the assembly, processing, and/or targeting of heteromeric Kv4.2/Kv4.3-encoded channels. The lack of stoichiometric amounts of accessory subunits may underlie the subtle (but statistically significant) differences in the gating properties of endogenous I to,f and the currents produced on adenoviral-induced coexpression of Kv4.2 and Kv4.3 in mouse ventricular cells (see Table) .
The results of the biochemical studies here also reveal that the expression of Kv4.2, but not Kv4.3 or KChIP2, parallels the regional heterogeneity in I to,f density in mouse ventricles. These findings are consistent with a recent study demonstrating that there is no gradient of KChIP2 mRNA expression in adult rat ventricles. 14 In human and canine ventricles, however, KChIP2 mRNA levels are reportedly higher in left ventricular epicardium than endocardium, whereas Kv4.3 mRNA levels are similar across the left ventricular wall. 14 These observations suggest a divergence of molecular mechanisms regulating I to,f expression in small versus large mammals. Clearly, further experiments aimed at exploring the detailed mechanisms underlying myocardial I to,f expression are warranted.
